Ribonuclease MRP is an endonuclease, related to RNase P, which functions in eukaryotic pre-rRNA processing. In Saccharomyces cerevisiae, RNase MRP comprises an RNA subunit and ten proteins. To improve our understanding of subunit roles and enzyme architecture, we have examined protein-protein and protein-RNA interactions in vitro, complementing existing yeast two-hybrid data. In total, 31 direct protein-protein interactions were identified, each protein interacting with at least three others. Furthermore, seven proteins selfinteract, four strongly, pointing to subunit multiplicity in the holoenzyme. Six protein subunits interact directly with MRP RNA and four with prerRNA. A comparative analysis with existing data for the yeast and human RNase P/MRP systems enables confident identification of Pop1p, Pop4p and Rpp1p as subunits that lie at the enzyme core, with probable addition of Pop5p and Pop3p. Rmp1p is confirmed as an integral subunit, presumably associating preferentially with RNase MRP, rather than RNase P, via interactions with Snm1p and MRP RNA. Snm1p and Rmp1p may act together to assist enzyme specificity, though roles in substrate binding are also indicated for Pop4p and Pop6p. The results provide further evidence of a conserved eukaryotic RNase P/MRP architecture and provide a strong basis for studies of enzyme assembly and subunit function.
INTRODUCTION
RNase MRP is an essential eukaryotic ribonucleoprotein endonuclease, first identified as having a role in mitochondrial DNA replication (1) . Subsequent experiments have shown RNase MRP is primarily localized in the nucleolus (2, 3) , where it functions in pre-rRNA processing, cleaving at a specific site (A 3 ) in the ITS1 of pre-rRNA, leading to the generation of the mature 5 0 end of 5.8S rRNA (4, 5) . More recently, a critical role within the cell cycle has emerged, where RNase MRP promotes degradation of CL2B mRNA in Saccharomyces cerevisiae by cleavage within its 5 0 UTR (6), possibly in cytoplasmic 'processing bodies' (7) . In the human RNase MRP, mutations in the RNA component have been shown to cause the genetic disease cartilage hair hypoplasia (8) .
Eukaryotic RNase MRP is structurally and functionally related to the ubiquitous ribonucleoprotein RNase P, which predominantly functions in the processing of pretRNAs. Recent evidence indicates RNase P also plays a role in pol III transcription of its RNA substrates (9) , potentially providing a route for coordination of transcription with processing. In S. cerevisiae, RNase P and RNase MRP consist of 9 and 10 known protein subunits, respectively, and 1 distinct RNA molecule. Eight proteins are subunits of both RNase P and MRP (10) , with each complex possessing one or more unique protein subunits; Snm1p and Rmp1p in RNase MRP and Rpr2p in RNase P (10, 11) . The conserved properties of both complexes suggest that they evolved from a common eukaryotic ancestor, the RNA subunit having diverged and unique protein subunits evolved accordingly (12) . Indeed, phylogenetic analysis of the RNA subunits yields highly similar secondary structures despite limited sequence similarity (13) (14) (15) (16) (17) .
In bacteria and some archaeal species, the RNA subunit of RNase P has been shown to cleave pre-tRNA in vitro in the absence of protein subunits (18, 19) . In S. cerevisiae and other eukaryotes, the protein-RNA ratio is much higher and the proteins appear to be a necessity for efficient enzymatic activity in vitro. Very recent studies on the human and Giardia lamblia P RNAs in the absence of proteins, however, have demonstrated low pre-tRNA RNA cleavage activity (20) . Evidence is thus in favour of the RNA subunit providing the catalytic core of eukaryotic RNase P/MRP and the protein subunits having likely evolved to assume roles in RNA subunit folding and stabilization and/or to assist substrate binding and catalysis during one or more of the multiple functions of the respective enzymes.
Studies on the overall subunit composition and organization of the RNase MRP and RNase P complexes have proved challenging, primarily due to difficulty in obtaining biochemically purified native complexes and soluble individual purified protein subunits for reconstitution studies. However, yeast two-hybrid and yeast threehybrid analyses of both the human and S. cerevisiae RNase P complexes (21) (22) (23) , and GST pull-downs using the human RNase MRP subunits (24) have provided insights into mutual subunit interactions, and revealed that numerous protein-protein and RNA-protein interactions probably occur in both complexes (reviewed by Walker and Engelke, 2006 (25) ). Exploration of direct subunit interactions through in vitro binding studies is lacking on the yeast RNase P and MRP enzymes. Here, we seek to redress this imbalance and to complement existing yeast two-hybrid data to obtain an improved understanding of the structural organization of yeast RNase MRP. This study reports the first successful soluble expression and purification of all 10 of the RNase MRP protein subunits and identifies oneto-one protein-protein and protein-RNA interactions. Comparative analysis with existing data on the yeast and human RNase P and/or RNase MRP systems (25) , together with our novel data on protein-pre-rRNA interactions, provides new discussion of the enzyme architecture and protein subunit roles.
MATERIALS AND METHODS
Expression and purification of GST-fusion proteins POP1, POP3, POP4, POP5, POP6, POP7, POP8 and RPP1 open reading frames were excised out of previously described p413Gal yeast expression vectors (10) and inserted at the SalI-XmaI sites of pGEX-6P-1 (GE Healthcare). Genes for Snm1p and Rmp1p were amplified from S. cerevisiae genomic DNA and cloned into pGEX-6P-1 between EcoR1 or BamH1 and Xho1 sites. A KS/ pGEX construct allowing expression of a fragment of Snm1p (residues P124-S198) representing a lysine/serine (K/S)-rich domain of this protein was also created. All constructs were modified by insertion of a sequence at the BamH1 site that places a phosphorylation site (RRASV) for bovine heart protein kinase A (Sigma) at the N-terminus of the native protein sequence. The expression constructs were routinely transformed into E. coli BL21 RIL cells and grown with appropriate antibiotic selection. A subsequent overnight culture was diluted 1:200, and grown at 378C to an OD 600 = 0.8 at which stage expression was induced overnight at 168C by addition 0.1 mM isopropyl b-D-galactopyranoside (IPTG). Pelleted cells were lysed (lysozyme and freeze-thaw cycles) in 25 mM Tris-Cl, pH 8.0, 1 M NaCl, supplemented with 1% Triton X-100, 10 mM dithiothreitol (DTT) and protease inhibitors (Complete, Roche). GST-fusion proteins were purified by affinity chromatography using glutathione Sepharose 4B, GS4B (GE Healthcare). The GS4B beads were prepared and washed with 1 Â PBS (140 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 ), supplemented with 1% Triton X-100 + 10 mM DTT. The same buffer was used for wash and elution steps after application of GST-fusion protein. A GST-only vector (no insert sequence) was included as a control. The concentration and purity of GST-fusion protein on the beads was visually determined by SDS-PAGE.
Radiolabelling of the GST-fusion proteins and cleavage from GST GS4B beads bearing bound fusion protein (bedvolume 1 ml) were equilibrated in HMK buffer (20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 12 mM MgCl 2 ) and then incubated with 100 U bovine heart kinase solution and 50 mCi [g-32 P] ATP (30 min, 48C). The reaction was terminated using 10 ml of stop solution (10 mM sodium phosphate, pH 8.0, 10 mM sodium pyrophosphate, 10 mM EDTA, 10 mg BSA) and the beads subsequently washed with 5 Â 10 ml of 1 Â PBS + 1% Triton X-100 + 10 mM DTT. Bead samples were analysed by SDS-PAGE, followed by exposure to PhosphoImager screens. The efficiency and specificity of radiolabel incorporation was determined by autoradiography analysis (Typhoon scanner; AP Biotech). Radiolabelled GST-fusion proteins were subsequently cleaved overnight at 48C with PreScission protease (AP Biotech), following the manufacturers recommended protocol. The purity of the cleaved proteins, estimated by gel analysis (with Coomassie staining), was improved ($80% pure on average) over that of their respective GST-fusions, though the yield is reduced due to incomplete cleavage from GST (data not shown). The concentration of cleaved, untagged proteins was determined using the Bio-Rad protein assay.
In vitro transcription of RNase MRP RNA and pre-rRNA NME1, the coding sequence for yeast MRP RNA, has been cloned into a pUC based vector, immediately downstream of a T7 promotor, creating the construct pHST7/NME1 for run-off transcription [a version of pHST7 amplified from yeast genomic DNA and cloned into the same pUC-derived plasmid, creating the construct pHST7/pre-rRNA for use as an in vitro transcription template. All plasmid template sequences were confirmed via automated DNA sequencing. RNA was transcribed (378C, 2 h) from EcoRI-linearized plasmid template in 20 ml reactions containing 80 mM Tris-HCl (pH 8.0), 2 mM spermine, 40 mM DTT, 30 mM MgCl 2 , 40 U RNasin, 7 mM rNTPs, [alpha-32 P] UTP, 5U yeast inorganic pyrophosphatase, 15 U T7 RNA polymerase. Radiolabelled UTP was omitted for preparation of unlabelled competitor RNA. After transcription, RNAs were purified by treatment with RNase-free DNase I followed by acid phenol/chloroform extraction and ethanol precipitation and then taken through a refolding procedure (808C for 3 min, cooled to 488C at 28C/min then cooled to 208C at 18C/min) in 30 mM HEPES pH 7.5 with 100 mM KCl ($1 mM RNA). Conformational homogeneity of RNAs was monitored by UV absorbance melting profiles and by native 4% PAGE.
GST pull-down assay
For the analysis of protein-protein interactions, 50 ml of the beads (washed with PBS and containing bound GSTfusion protein at equivalent loadings, as estimated by SDS-PAGE) were incubated with 50 ml of $1 mM cleaved, untagged radiolabelled protein plus 5 mg BSA for 3 h at room temperature, under continuous agitation. After incubation, the beads were pelleted and the supernatant (containing any unbound cleaved protein) was removed. The beads were then washed three times with 1 ml of PBS + 1% triton + 10 mM DTT and analysed by SDS-PAGE. The gels were vacuum dried to blotting paper, and exposed to PhosphoImager screens. Proteinprotein interactions were quantitated using a Typhoon scanner and ImageQuant software. Radiolabelled untagged protein retained on beads bearing a GST fusion protein was quantitated as percentage bound relative to total amount of input radiolabelled protein.
In later experiments, NaCl concentration in the final wash was increased to 300 mM or 1 M, from the normal concentration of 150 mM.
Filter binding assay
For the analysis of RNA-protein interactions, 10 mM of each cleaved, untagged, protein subunit was incubated with 2 nM of annealed, in vitro transcribed 32 P-labelled RNA, $1 mM competitor RNA (poly(IC) or poly(U) (Amersham)) and 5 mM MgCl 2 , on ice, for 20 min in binding buffer (50 mM Tris-HCl, pH7, 150 mM NaCl, 1 mM EDTA, 1 mM DTT, 0.01% Triton-X100). Experiments with poly(IC) and poly(U) were repeated four times in total. Pre-wetted nitrocellulose filter discs (Millipore, 0.45 mm) were placed onto the vacuum filter apparatus, and 0.45 mm filter discs placed on top of these. Both filters were pre-washed with 1 ml of binding buffer, before the sample was pipetted on to the top filter and vacuum applied. Filters were washed with 1 ml of 1Â PBS then scintillation counted and the data analysed using Excel. The top 0.45 mm filters are used to remove aggregates commonly observed in RNA-protein interaction studies and to ensure RNA trapped on the nitrocellulose is part of a low ratio (preferably 1:1 or similar) complex(es). In our studies, at least 50% of the radiolabel is retained on the top filter for all proteins. 
RESULTS
Preparation of soluble protein subunits of S. cerevisiae RNase MRP S. cerevisiae RNase MRP comprises one RNA molecule and at least 10 protein subunits, but little is known about the overall architecture of the complex. The approach taken here was to obtain each protein subunit in a recombinant form in order to screen for direct subunit interactions in vitro using the GST pull-down approach and thus lay the foundations for assembly of a recombinant enzyme. All 10 GST-fusion proteins (GST-Pop1p, GST-Pop3p, GST-Pop4p, GST-Pop5p, GST-Pop6p, GST-Pop7p, GST-Pop8p, GST-Rmp1p, GST-Rpp1p and GST-Snm1p), plus GST-alone (to be used as a negative control for the protein-protein interaction studies) were expressed in E. coli and purified by affinity chromatography using glutathione Sepharose ( Figure 1A ). This is the first report of successful soluble expression and purification all 10 of the yeast RNase MRP subunits, with yields of 15-25 mg protein per 1 l culture. Although the GST-fusion protein is the predominant product in all cases, all lanes show low levels of faster migrating polypeptides that probably represent degradation products or truncations of the recombinant proteins. Less prevalent slower migrating polypeptides are also observed, often common to all preparations, and most likely represent contaminating E. coli proteins. All of the GST-fusion proteins were stable for approximately 1 week when bound to the glutathione Sepharose beads and stored at 48C in the presence of protease inhibitors.
Radiolabelling of the GST-fusion protein was highly specific ( Figure 1B) , with the majority of the radiolabel (60-80%) being incorporated into the GST-fusion protein.
Cleavage at the PreScission protease site enabled recovery of radiolabelled protein subunits with the GST-tag removed ( Figure 1B ). These untagged radiolabelled proteins were then combined with unlabelled GST-fusion protein samples bound to glutathione Sepharose beads to investigate direct one-to-one protein-protein interactions. With the exception of cleaved Snm1p, all RNase MRP protein subunits were stable as both cleaved subunits and as GST-fusions. Cleaved Snm1p was less stable; we were able to use it in protein-RNA interaction screens but were unable to use it to study protein-protein interactions, due to the prolonged incubation times and possible exposure to proteases.
Protein-protein interactions
Interactions between the bound GST-fusion proteins and the radiolabelled, untagged proteins were analysed by SDS-PAGE and exposure to PhosphoImager screens. Protein-protein interactions were quantitated, relative to the input radiolabelled protein, using a Typhoon scanner and ImageQuant TM software (GE Healthcare). GST-only was included as a negative control, in order to assess the specificity of the interactions.
Interactions were assigned as being strong ('+'; at least 40% of input radiolabelled protein bound to the GST-fusion protein), weak ('+/À'; between 20 and 40% of input protein co-precipitated), or none ('À'; <20% of input protein co-precipitated). Figure 2 shows a typical set of results for the Pop1p and Rmp1p protein subunits, obtained upon incubation of radiolabelled, untagged protein with each of the bound GST-fusion proteins at 150 mM NaCl concentration. In the case of Pop1p, e.g. Lane 1 shows the amount of input radiolabelled, cleaved Pop1p. Lanes 3, 4, 5, 8 and 11 show strong interactions, where over 40% of the input protein binds to the GST-fusion protein. Lanes 7 and 10 show weak interactions, and lanes 6, 9 and 12 are examples of what was observed when no interaction had occurred. As well as such non-interacting internal negative controls, none of the proteins should interact with GST-alone. However, subunits of protein complexes are often 'sticky' and may interact non-specifically. Indeed, such properties have been reported for human RNase MRP subunits (24) . Figure 2 shows that there is no non-specific interaction between Pop1p, or Rmp1p, and GST-alone (1.4 and 4.6% of the input, respectively).
By conducting such assays for all protein subunits, we identified numerous binary protein-protein interactions, which are detailed in Figure 3 (top panel). Interaction screens were also carried out at higher salt concentrations, 300 mM (see Figure 3 lower panel) and 1 M NaCl (data not shown) in order to derive more information about the nature and strength of protein-protein interactions. The combination of these observations contributed (B) Radiolabelled, cleaved proteins. Whilst bound to glutathione Sepharose, GST fusions were treated with bovine heart kinase in the presence of g-32 P-ATP to achieve radiolabelling, followed by removal of the GST-tag by overnight cleavage with PreScission protease. The efficiency of radiolabelling and the purity of the cleaved proteins were assessed by SDS-PAGE analysis followed by exposure to PhosphoImager screens and analysis using a Typhoon scanner. The asterisks (Ã) indicate the radiolabelled, untagged proteins. The sizes of the molecular weight markers are shown on the left.
GST-Pop1
GST-Pop3 to the final assignment of the number (13 strong and 18 weak) of protein-protein interactions and their strength, summarized in Figure 4A . In order for an interaction to be classified as 'strong' it was required to be both a mutual interaction (observed as 'strong' in both directions) and also maintained (at least weakly) or enhanced at elevated salt conditions (300 mM NaCl). Interactions that were not mutual, or interactions not mutually maintained at normal or elevated salt conditions were usually more conservatively assigned as 'weak'. The following detailed examination of interactions illustrates this assignment procedure.
The majority of the interactions were mutual at 150 mM NaCl, detected in 'two directions' at the same intensity, i.e. with either one or the other interacting protein fused to GST. Six of the interactions (Rmp1p + Pop1p, Pop4p + Rmp1p, Pop4p + Pop7p, Rpp1p + Pop6p, Pop6p + Rmp1p and Pop7p + Rpp1p) were detected as having a strong interaction in one direction and a weak interaction in the other. For the purposes of the diagram ( Figure 4A ), they were therefore classified as weak interactions. This difference in the strength of the interactions may be due to the influence of the GST-tag, either interfering with protein-protein association, or enhancing subunit stability and, therefore, interaction. For example, Rmp1p and Rpp1p display a number of weak interactions as GST fusions that are strong in the other direction (using untagged protein). In cases where two such factors combine, a particularly conservative assignment is usually made for an interaction. For example, we actually assign the interaction between GST-Pop6 and untagged Rmp1p as a false positive since, not only is the interaction not reciprocal, Rmp1p is clearly 'stickier' in its untagged form, whilst Pop6p demonstrates interactions of greater strength and number as a GST fusion. Figure 3 (lower panel) shows that several strong interactions (notably Pop1p with Pop3p, Pop4p, Pop7p, Rpp1p and Rmp1p; Pop3p with Pop1p, Pop8p and Rmp1p; Pop4p with Pop1p, Pop3p, Pop5p, and Rpp1p; Pop5p with Pop4p and Pop8p; Pop7p with Pop1p and Rmp1p; Pop8p with Pop3p and Pop5p; Rpp1p with Pop1p, Pop4p and Rmp1p; Rmp1p with Pop1p, Pop3p, Pop7p and Rpp1p; Snm1p with Rmp1p) are maintained at 300 mM salt, confirming their categorization as 'strong' interactions. Self-association of Pop1p, Pop3p and Rmp1p is not affected by raising NaCl concentration to 300 mM. Other strong interactions (Pop3p with Pop5p, Pop7p and Rpp1p; Pop4p with Pop7p, Pop7p with Pop3p) become weaker or are abolished on increasing salt concentration, suggesting a specific electrostatic component to their association. The same applies to selfassociation of the Rpp1p and Pop4p subunits. In test experiments, 1 M NaCl was found to have no influence on GST binding and retention on the glutathione Sepharose beads (data not shown), demonstrating that loss of observed interaction on increasing salt is not due to a reduction in bound GST-fusion. It is possible that interactions weakened at higher salt concentration are in fact bridged by contaminating nucleic acid. However, during protein purification, 1 M NaCl was added to the initial freeze-thaw buffer in order to minimize the levels of contaminating nucleic acids, and spectrophotometer readings at OD 260 and OD 280 did not reveal significant levels of contaminants.
Weaker interactions (at 150 mM NaCl, Figure 3 ) for which an increase in strength is noted at 300 mM ( Figure 3 ) and/or 1M NaCl (Pop1p with Rmp1p; Rpp1p with Pop8p) could be the result of genuine hydrophobic interaction, or could be due to protein aggregation and precipitation with the glutathione sepharose beads. The latter possibility is unlikely given no interaction with the GST control under the same conditions (data not
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GST-Snm1 shown) but was also tested by incubation of untagged proteins with unloaded glutathione Sepharose beads under the same high salt wash conditions and no protein precipitation on the beads was observed for any subunit.
The only interactions to remain consistent regardless of ionic strength are the self-association of subunits Pop5p and Rmp1p. The combination of these observations with the presence or not of mutuality to a binary interaction contributed to the final assignment of number and strength of interactions, summarized in Figure 4A . For example, the Pop3p-Pop5 interaction is classified as 'weak', despite detection as a strong interaction in both directions at 150 mM NaCl as a result of its abrogation in one direction (GST-Pop5 with Pop3p) and weakening in the other when assayed at 300 mM NaCl. Likewise, a strong interaction between GST-Pop4p and untagged Pop5p is maintained up to 1 M NaCl but is not observed in the opposite direction (GST-Pop5 with untagged Pop4p), hence overall we conservatively classify this interaction as weak.
Pop1p, Pop3p, Pop4p, Rpp1p and Rmp1p exhibit the highest number of strong interactions, suggesting that they may play a more central role in RNase MRP structure. Our data confirm Rmp1p as a new member of the RNase MRP complex (11), identifying strong interactions with four other subunits (Pop3p, Pop7p, Rpp1p and Snm1p) and weaker interactions with two others (Pop1p and Pop4p). Close association between Rmp1p and Snm1p, indicated by their strong interaction here, is interesting in the light of their possible role in distinguishing RNase MRP function from that of RNase P. Interactions identified here that are conserved in other studies of yeast and human RNase P/MRP are highlighted in Figure 3 by thicker bordering. A full comparative analysis is now possible, leading to a number of conclusions regarding subunit organization in RNase P/MRP (see Discussion section).
Interactions of protein subunits with MRP RNA
The RNA component of RNase MRP is expected to play a major role in the assembly and function of the enzyme complex. Here, we report the first screen of direct interactions of yeast MRP RNA (340 nt) with individual protein subunits and, as such, provide novel data that will be useful as a platform for future detailed examination of particular RNA-protein interactions. Further to the 10 protein subunits, a fragment of Snm1p representing its C-terminal Lys/Ser-rich region, named K/S, was included in binding screens to gain insight into the role of this region of the protein.
Interactions with MRP RNA were screened using a filter binding assay at excess protein concentrations (10 mM), likely representative of near saturation binding conditions (see Methods section). An interaction was identified as positive where at least 15% of radiolabelled RNA bound to the protein in the presence of one or other competitor RNA (poly(IC) double-stranded or poly(U) single-stranded competitor). Negative controls involved the addition of water or BSA (10 mM) to RNA samples. Note that formation of protein-RNA aggregates, RNA degradation and proper RNA folding can influence the extent of RNA binding observed. The percentage RNA bound values are thus calculated after exclusion of RNA in aggregates (see Methods section). The integrity of RNA during the binding reaction was also monitored (see Supplementary Data) and no significant decrease observed with any protein preparation. Conformational homogeneity of the RNA is more difficult to fully assess, although it was prepared as previously described (17) in a study that demonstrated the majority of the RNA adopts a single conformation. Figure 5A shows the results of the filter binding assays between each protein and MRP RNA. We identified six interactions between untagged protein subunits (Pop1p, Pop3p, Pop4p, Pop6p, Rmp1p and Snm1p) and MRP RNA, which are shown in Figure 5A . None of the subunits interact with MRP RNA in a truly specific manner as independent proteins since one or other RNA competitor, poly(U) or poly(IC), reduces binding. Abrogation of binding is, however, complete in all cases upon addition of excess unlabelled MRP RNA (see later).
Pop3p provides convincing MRP RNA filter binding data ( Figure 5A ). This protein-RNA interaction is maintained in the presence of poly(IC) competitor but lost in the presence of poly(U) competitor, suggesting that the affinity for MRP RNA involves interaction with a single-stranded region. This would concur with previous analysis of the RNA binding properties of Pop3p (28) . Pop4p, Rmp1p and Snm1p were also observed to interact with MRP RNA in the presence of poly(IC) competitor, but these interactions were again lost in the presence of poly(U) competitor, suggesting a structural preference for single-stranded RNA by these subunits. The same applies to Pop5p, although the percentage input RNA bound by Pop5p is only just above our chosen cutoff for an interaction [note that the Pop5p sample induces no obvious RNA degradation (see Supplementary Data), which hence cannot be the reason for low binding activity for this protein]. Competition by poly(U), however, may underestimate the degree of specificity of certain interactions given that inhibition of the RNase P holoenzyme by poly(U) has been reported (29) . Pop6p interacts with MRP RNA in the presence of poly(U) but the interaction is clearly blocked by excess poly(IC), indicative of nonspecific binding to double-stranded RNA. Pop1p may also have a preference for a double-stranded region of MRP RNA. Note that the levels of RNA binding by Pop1p are probably an underestimation of its RNA binding activity since its purity is lower and the protein has relatively poor stability.
In a further attempt to address specificity, competitor titration experiments were carried out to assess the relative ability of unlabelled MRP RNA, P RNA and poly(U) to compete off the 32 P-MRP RNA. For proteins shown to bind 32 P-MRP RNA less effectively in the presence of poly(IC) (Figure 5A ), difficulties in accurately determining the molar amounts of poly(IC) due to heterogeneity, precluded an accurate comparison. In summary, for those proteins that possess apparent preference for single-stranded RNA (Pop3p, Pop4p, Pop5p, Rmp1p and Snm1p), only Snm1p displayed clear evidence of specificity for MRP RNA over poly(U) and P RNA ( Figure 6 ). Pop4p would appear to have greater specificity for MRP RNA than P RNA, though this is complicated since addition of cold P RNA to a Pop4p-32 P-MRP RNA complex reproducibly resulted in an initial decrease in retained radiolabel followed by an actual increase to above initial levels prior to complete competition ( Figure 6 ). This anomaly will be further explored. Specificity of 1:1 protein-RNA interactions will require further study for full evaluation (see Discussion section).
Note that a GST pull-down approach for screening protein-RNA interactions, similar to that described for studies of human RNase MRP subunits (24) , was also adopted. Although the same subunits were observed to (24) . A 'y' indicates those interactions detected by yeast three-hybrid analysis of yeast RNase P subunits (23, 44) . A bold 'y' indicates interactions detected by other in vitro binding analyses (28, 56) .
bind MRP RNA, with the addition of Pop7p, these results are not included here since a greater degree of non-specific association of RNA with immobilized proteins was observed. The same applies to screening of protein interactions with pre-rRNA (see Subsequently).
Interactions of protein subunits with the pre-rRNA substrate Screening for interaction with the pre-rRNA substrate was carried out using a filter binding assay, as described in the preceding section for MRP RNA. Four protein subunits were identified as binding pre-rRNA; Pop4p, Pop6p, Rmp1p and Snm1p, see Figure 5B . The Snm1p K/S region also interacts with pre-rRNA. Although just above the chosen cutoff for an interaction, the case for an interaction of Pop5p with pre-rRNA is very marginal and it is not included as a positive result in our discussions. Tests were also again performed to assess the integrity of the prerRNA during incubation with proteins, for which the data are shown in the Supplementary Data.
No protein demonstrated truly specific pre-rRNA binding since one or other competitor reduced binding to background levels. Pop4p and Pop6p were observed to interact strongly with pre-rRNA in the presence of poly(U) competitor, but this interaction was lost in the presence of poly(IC) competitor. Rmp1p and Snm1p were observed to interact weakly with pre-rRNA in the presence of poly(U) competitor, but these interactions were again lost in the presence of poly(IC) competitor. These results indicate some preference of the proteins for double-stranded regions of pre-rRNA. The K/S tail of Snm1p was the only protein seen to interact weakly with pre-rRNA RNA in the presence of poly(IC) competitor, but this interaction was lost in the presence of poly(U) competitor, indicating some preference for single-stranded RNA. A GST pull-down approach confirmed interaction of Pop4p, Rmp1p, Snm1p and the Snm1p K/S tail with pre-rRNA (data not shown).
DISCUSSION
In the first steps towards assembly of a recombinant yeast RNase MRP complex for structure-function analysis, we have performed a systematic investigation of direct intermolecular interactions between individual protein and RNA subunits. These data are discussed in the context of existing data on the yeast and human RNase P/MRP systems (25) and support the evolutionary conservation of common core elements to the structure of the RNP enzymes.
Protein-protein interactions and implications for RNase MRP architecture
In summary, we have shown that each subunit can interact with at least three other subunits. Of the 31 proteinprotein interactions, 13 were deemed strong and 18 weak ( Figure 4A ). The sheer number of interactions that the majority of the protein subunits can make indicates a highly integrated (and possibly dynamic) complex structure. All interactions in Figure 4 are reciprocal, with the exception of Pop4p-Pop5 and Pop6p-Pop7. Other non-reciprocal interactions were observed (Figure 3) but, on the basis of weak strength and the effects of higher salt concentrations, were excluded as being significant.
It is important to compare the data to previous observations in the yeast and human RNase P/MRP systems, since each study suffers its own experimental limitations. As such, where differences occur, it is difficult to conclude whether these are real differences between the possible enzyme architectures or a reflection of experimental artefacts leading to false positive or negative results. Hence, in assessing subunit interactions, we place most confidence in those reported here and also observed between RNase P/MRP subunits from the different organisms.
The foremost comparison is to previous studies of yeast RNase P/MRP subunits conducted by yeast two-hybrid analysis (23) . We detect almost all of the 19 yeast two-hybrid reported pairwise interactions, adding weight to their validity as direct interactions. Exceptions to this In general, protein subunits did not display clear specificity for MRP RNA. Data are shown for a subset of the protein-MRP RNA interactions; Pop5p, Pop4p, Snm1p and Pop3p. The Pop5p and Pop3p data clearly show no evidence of a specific interaction since the MRP RNA is competed at similar rates by non-specific poly(U) and potentially specific RNAs (MRP and P RNA). Pop4p data lacks clarity with respect to specificity. MRP appears to compete a little more effectively ($3-fold) than poly(U). Competition by P RNA is complex, appearing to transiently enhance binding to labelled MRP-RNA prior to effectively displacing it. Uniquely, Snm1p competition binding analysis indicates a degree of specificity of Snm1p for MRP RNA, with effective displacement of labelled MRP RNA achieved at $5-fold lower concentrations of unlabelled MRP RNA relative to poly(U) and P RNA.
are the observed Pop1p-Snm1p and Pop6p-Snm1p yeast two-hybrid interactions, which are notably rather weak. Inclusion of Rmp1p in our study contributes to the additional interactions we observe, in addition to a greater number of interactions observed for the Pop3p, Pop7p and Rpp1p subunits. Pop3p is the most notable, giving interactions with seven other subunits (five of these strong) versus only two also observed in two-hybrid analysis (Pop3p-Pop1p and Pop3p-Pop4p interactions). The authors mention possible Pop3p misfolding problems upon fusion in the yeast two-hybrid system (23) . Here, Pop3p gives very similar data as either a GST fusion or in its cleaved, untagged form, suggesting it folds independently of the tag and also that the tag does not affect its interactions.
Human RNase MRP/P subunit interactions have also been studied (22, 24) . The human enzyme(s) also possess 10 subunits, of which 6 share low to moderate sequence identity with yeast RNase MRP protein subunit sequences (Pop1p/hPop1, Pop3p/Rpp38, Pop4p/Rpp29, Pop5p/hPop5, Pop7p/Rpp20, Rpp1p/Rpp30). In addition, Snm1p shares some weak sequence similarity to Rpr2p (the unique RNase P subunit) and to human Rpp21 (discuss later). A very recent sequence analysis (30) of RNase MRP/P subunits, has proposed that Pop6p may be the yeast homologue of metazoan Rpp25, placing Pop6p in the Alba superfamily, of which both the human Rpp25 and Rpp20 (Pop7) subunits are members (31) . The same study suggests a relationship between Pop8p and Rpp14. Comparison of the yeast and human GST pull-down analyses (this work and ref. 24) , reveals that yeast subunits with human homologues (assuming that Rpp14 and Rpp25 are homologues of Pop8p and Pop6p, respectively) make almost twice as many interactions in total as their human counterparts. The difference is again largely due to discrepancy in the number of interactions made by Pop3p/Rpp38, Pop7p/Rpp20 and Rpp1p/Rpp30; the human subunits exhibiting fewer interactions. A yeast two-hybrid analysis of human subunit interactions (22) , however, detects more binding partners for these subunits, many of which are observed in our study (Figure 3) .
One would expect subunits that lie more to the heart of the holoenzyme structure to make more contacts with other subunits. Considering strong interactions only ( Figure 4A ), this would place Pop1p, Pop4p, Rpp1p, Pop3p and Rmp1p at the core of yeast RNase MRP. Significantly, of these subunits, Pop1p, Pop4p and Rpp1p make the largest number of conserved interactions in all studies so far (six, eight and seven, respectively, including self-interactions), Figure 4B , supporting their central role in a conserved eukaryotic RNase MRP/P core structure. A central role for Pop3p is less well supported due to the difficulties encountered in yeast two-hybrid analysis of yeast RNase P alluded to earlier, although human studies identify six of the interactions we observe. Rmp1p is unique to RNase MRP and its interactions are discussed separately.
Given recent sequence analysis (30) , the yeast RNase MRP/P subunits, Pop6p and Pop8p, are here considered homologues of human Rpp25 and Rpp14, respectively, and it is interesting to note that their interactions are very similar to those reported for their human counterparts (refer to Figure 3 ). Pop8p makes the fewest interactions of all subunits in both yeast studies, its interaction with the enzyme core possibly bridged by Pop5p. The lower strength and number of their interactions (in both yeast and human studies) place both Pop6p and Pop8p on the periphery of the RNase MRP/P structure, in keeping with roles such as regulation of substrate binding (directly or via the RNA subunit) or formation of higher order complexes, such as are known to occur in the ribosome biogenesis pathway (38) . Peripheral subunits might also influence RNase MRP/P involvement in functions other than pre-rRNA/pre-tRNA processing (6, 9) . Notably, Pop8p, the only acidic yeast RNase MRP/P protein, is also the only subunit that can be depleted without a discernable effect on pre-rRNA processing (34) (35) (36) (37) .
Protein interactions of Snm1p and Rmp1p, subunits 'unique' to RNase MRP In the absence of significant contrary evidence, the observations we have thus far made can be equally attributed to RNase MRP and RNase P and support a common 'core' structure to these related enzymes. RNase MRP differs from RNase P, however, with respect to the subunits Rmp1p (11) and Snm1p (55, 56) . This is the first report of interactions made by Rmp1p, strongly supportive of a key role within RNase MRP. An interaction with Snm1p is of particular note, suggesting that these two 'unique' subunits may work in close association, presumably in some way defining RNase MRP function, perhaps through directly or indirectly affecting substrate selection and/or cleavage. The absence of Rmp1p in RNase P is perhaps surprising given it interacts with subunits common to both RNase P and RNase MRP. Relatively few of its strong interactions are, however, with 'core' subunits and, crucially, interactions with Snm1p and MRP RNA, unique components of RNase MRP, are observed.
Snm1p makes relatively few interactions (to Pop4p, Rpp1p, Pop7p and Rmp1p) consistent with a position peripheral to the core enzyme structure. Although interactions of Snm1p are hard to corroborate given its identity as a 'unique' member of the yeast RNase MRP complex, Snm1p is a member of the Rpr2 Pfam alignment (Pfam accession PF04032), suggesting a structural and possibly functional link between the proteins. Rpr2p, however, has only been observed to interact with Pop4p and, perhaps, Pop6p (23) . In pairwise sequence alignments using ClustalW and T-COFFEE (data not shown), although Rpr2p and Rpp21 share the highest similarity, Snm1p is clearly more closely related to Rpp21, both in the Cys-rich Zn-binding region and in its Lys/Ser-rich C-terminal region (the latter is absent in Rpr2p). In the absence of a clear human homologue to Snm1p, it is possible that Rpp21 has evolved to perform a role in both human RNase P and RNase MRP. Rpp21 has reported interactions with six proteins (Pop1p/hPop1, Pop4p/ Rpp29, Pop3p/Rpp38, Pop8p/Rpp14, Rpp1p/Rpp30 and Pop7p/Rpp20) (22) , of which Snm1p binds three, possibly utilizing similar recognition mechanisms.
Self-association of protein subunits indicates multiplicity within RNase P/MRP
Further to inter-subunit interactions, seven subunits selfassociate (Pop1p, Pop3p, Rpp1p, Rmp1p, Pop4p, Pop5p and Pop7p), the first four of which do so strongly. Such self-association, together with the numerous protein-protein interactions would suggest the presence of these subunits in more than one copy in an assembled holoenzyme. Self-association has been previously observed for yeast Pop4p and Snm1p subunits (twohybrid analysis) (23), the human Pop1 (hPop1), Pop3p (Rpp38), Pop4p (Rpp29) and Rpp1p (Rpp30) proteins (22, 24) and archaeal Pop4p (Ph1771/Mth11) (33) . Indeed, the only study to estimate stoichiometry using natively purified yeast RNase MRP (11) indicated most subunits are present in at least two copies with the exception of Pop1p. However, it would be unprecedented for a very large complex to have this number of multimeric subunits and the undoubtedly most accurate way to analyse stoichiometry would be through RNP assembly studies.
RNA-protein interactions
RNA binding subunits may provide RNA-chaperone and stabilization activities or play roles in substrate selection by the enzyme. Identification of RNA binding activities thus gives the first clues to possible protein subunit function. Here, we present novel RNA interaction data for many of the yeast RNase P/MRP subunits, including the first report of interactions with a pre-rRNA substrate.
In summary, six untagged protein subunits were observed to directly interact with MRP RNA and four with the pre-rRNA substrate ( Figure 5 ). It is notable that none of the protein-RNA interactions are highly specific, although a preference for a double-or single-stranded context to the RNA bound is indicated in most cases. This observation is not altogether surprising given that the subunits integrate into a large particle for which specificity of RNA recognition (either MRP RNA or substrate pre-rRNA) may be conferred by the concerted interactions of multiple subunits. Synergistic binding to human MRP RNA has indeed been recently demonstrated for the human Rpp20 and Rpp25 proteins (39) . Weak, nonspecific RNA binding affinity may also simply assist with guiding substrate to the catalytic site. The binding of multiple subunits to single-stranded RNA may reflect the fact that the RNase MRP and RNase P enzymes cut their RNA substrates in single-stranded regions (40) (41) (42) 29) . In this respect, it is interesting that RNA homopolymers inhibit the yeast nuclear RNase P holoenzyme (29) .
Detection of MRP RNA binding by Pop1p is not wholly unexpected since previous mutational analysis indicates interaction with the P3 domain of the yeast RNase P RNA subunit (23, 44) , a domain conserved in MRP RNA. Data on human RNase P/MRP is contradictory; yeast three-hybrid analysis of human subunits does not detect P RNA binding by hPop1 but GST-pull down analysis identifies hPop1 as one of six subunits to bind MRP RNA (24) . We further detect interaction of Pop3p with MRP RNA, with clear preference for a singlestranded region. Although not detected as an RNA binding subunit in yeast three-hybrid analysis (23), recombinant yeast Pop3p has a predicted RNA binding fold (27) and was found to possess high affinity RNAbinding properties in vitro, with preferences for ssRNA (28) . RNA binding by the human Pop3p homologue, Rpp38, has also been demonstrated (21, 24, 43) . Although Pop3p is the only yeast RNase P subunit for which direct binding to pre-tRNA has been demonstrated (28), we do not observe interaction of Pop3p with substrate pre-rRNA.
Pop4p is the only yeast RNase MRP/P subunit besides Pop1p for which interaction with P RNA has been indicated through three-hybrid analysis (23) . Evidence on the human (45, 46, 24) RNase MRP/P and archaeal (32) RNase P enzymes place this subunit in a central functional role, binding the RNA subunit and promoting RNAbased catalysis. Here, we provide the first evidence of direct RNA binding by yeast Pop4p, the protein displaying affinity for MRP RNA and the pre-rRNA substrate. Specificity for MRP/P RNA is not evident, though there is a possible preference for ssRNA. Conversely, the preference appears to be for double-stranded RNA in binding pre-rRNA. The crystal structures of archaeal Pop4p homologues (47,48) reveal a b-barrel structure highly similar to the Sm fold (known to bind U-rich single-stranded RNA), flanked by a-helices. Two possible sites for RNA binding are proposed (47) , which would be in keeping with binding to both the RNase P/MRP RNA subunit and the RNA substrate. The yeast and human Pop4p proteins possess additional N-terminal regions that might also contribute to binding RNA or protein.
For Pop6p, we observe non-specific double-stranded binding activity to both the MRP RNA and pre-rRNA substrate. Binding to the latter would fit with the more peripheral position of this subunit in the RNP complex, discussed earlier. This is the first indication of RNA binding by this yeast subunit. The possible aforementioned similarity of Pop6p to alba superfamily member, human Rpp25 (30) , is again interesting in this respect since GST pulldown analysis detects binding of Rpp25 to P RNA at two possible sites. Structures of the alba domain (53, 54) indicate possibilities for specific and non-specific interaction sites on the domain. Interestingly, an extended b-hairpin makes contact with a DNA minor groove (non-specific). When we align Pop6p to the Alba superfamily, this hairpin region between the third and fourth b-strands is particularly extended and includes a number of basic residues.
Of the remaining subunits shared between RNase P and RNase MRP, we do not observe significant RNA binding by Pop5p, Pop7p, Pop8p or Rpp1p. Pop8p is the only acidic protein subunit, suggestive of non-involvement in RNA interactions. The Rpp1p result is in agreement with yeast three-hybrid interaction screens (23) for yeast RNase P/MRP subunits but contradicts previous data for the human (21,43) Rpp1p homologue in RNase P. However, differences between the yeast and human enzyme architectures may explain this inconsistency. Alternatively, Rpp1p in yeast RNase P/MRP may require association with another subunit for full RNA binding activity. Relatively, weak RNA binding by Pop7p (the human Rpp20 homologue) has been detected in one study only (24) . Given that Pop7p is also a member of the alba superfamily, it might be expected to show at least nonspecific RNA binding. Figure 5 does indicate binding to MRP RNA in the absence of any competitor. We observe significant formation of Pop7p-MRP aggregate in this experiment. Heparin, in addition to poly(IC) and poly(U), blocks the interaction (and aggregate formation) indicating a general 'stickiness' of Pop7p for nucleic acid that may suggest no more than a counter-ion role upon assembly into the RNase MRP complex. Interestingly, RNA binding by human Rpp20 is enhanced when complexed with Rpp25 (39). Pop5p has not emerged as a strong candidate for RNA binding in any of the other aforementioned screens conducted for eukaryal RNase P/MRP subunits, despite likely possessing an RRM-like fold (49) . Even classical RRM domains, however, are diverse in their recognition mechanisms (50) ; some require association with another protein before binding RNA specifically (51) or may instead bind protein (52) .
It is likely that the subunits Rmp1p and Snm1p will play important roles in the specific function of RNase MRP, whether in substrate recognition or in RNA processing. It is therefore interesting that we observe direct binding of each subunit to both MRP RNA and the pre-rRNA RNA, further to having observed the proteins interacting with each other. Future work to examine the RNA binding properties of both proteins could shed light on key aspects of RNase MRP versus RNase P function. Previous Snm1p mutagenesis studies in yeast (55) suggest that the protein has two functionally independent domains; an N-terminal zinc binding region probably required for association with the MRP RNA, and a C-terminal domain (the Lys/Ser-rich tail) not required for binding MRP RNA but necessary for RNA processing, indicating some involvement in substrate selection or cleavage. In accordance with these suggestions, we demonstrate direct interaction of Snm1p with both the MRP RNA and the pre-rRNA substrate RNA, while the Lys/Ser-rich C-terminal domain is only seen to interact with the substrate.
All screens of binary 1:1 interactions suffer from the same drawback that they may not fully reflect the affinity and specificity of interactions within the context of a holoenzyme where synergistic interactions are possible. Furthermore, a subunit may also attain conformational stability only on integration into the holoenzyme. Although proteins susceptible to misfolding, degradation or poor expression will be underrepresented in a comparative data analysis, we have established that a significant majority of the interactions identified here are conserved in other studies, providing further evidence of a conserved eukaryotic RNase MRP/P architecture and a strong basis from which to assemble enzyme complexes, a critical step in the study of RNase MRP/P architecture and the identification of subunit functions.
